Members of the Center for Astronomy Education ͑CAE͒ and the Conceptual Astronomy and Physics Education Research ͑CAPER͒ Team at the University of Arizona have conducted a systematic investigation into the use of wireless, electronic personal response systems ͑PRS͒, more commonly known as "clickers," to gather research data in the large enrollment introductory astronomy course for nonscience majors ͑Astro 101͒. We describe a study and data, which support the assertion that clickers can be used as a data gathering tool for conducting "real-time" research on student learning in the classroom setting. We also present data suggesting that students believe the use of clickers ͑1͒ is beneficial to their understanding of course concepts; ͑2͒ contributes to improving their exam grades; and ͑3͒ increases their interest in course topics even when the clickers are being used solely as research data gathering tools rather than the more traditional application in which clickers are used as an instructional device to gather student votes as part of Think-Pair-Share ͑TPS͒ or Peer Instruction ͑PI͒. Additionally, we offer a description of our classroom observations, which suggests that the use of color-coded A, B, C, D, E voting cards for gathering student answers in class may hold greater pedagogical value and provide a greater potential to gather accurate research results than do the use of clickers or Scantron™ forms.
INTRODUCTION
There is no doubt that in the college teaching community, the use of wireless, electronic personal response systems ͑PRS͒, also known as clickers, is becoming more popular year by year. This growing interest and awareness is evidenced by the dramatic increase in ͑1͒ articles written about clickers; ͑2͒ special sessions and presentations at national meetings of the American Astronomical Society, American Association of Physics Teachers, and Society of College Science Teachers devoted to the use of clickers; and ͑3͒ clicker use being part of science education seminars at universities ͑Dokter et al. 2004; Duncan 2006a Duncan , 2006b Lasry 2008; Len 2006; Prather et al. 2006; Rudolph 2007͒ . Professional development workshops and publications are widely available that help instructors learn about the implementation of Think-Pair-Share ͑TPS͒ and Peer Instruction ͑PI͒; that help instructors understand the subtle pedagogical underpinnings on the use of clickers; and that provide questions that can be used in the classroom with this technology ͑CAE 2008; Crouch and Mazur 2001; Duncan 2005; Green 2002; Mazur 1996; Owens et al. 2002; Slater and Adams 2002͒. As science education researchers actively involved in both teaching and evaluating the effectiveness of instruction in astronomy, we were interested in determining if clickers could be used as an effective and reliable research data gathering tool that could serve as a viable alternative to the more traditional, computer-graded, Scantron™ forms for data collection. While Scantron™ forms and clickers are both capable of accurately receiving and recording hundreds of student responses, the clickers are much easier to use on a daily basis, and require a fraction of the time to accomplish the same task. There is a very important point to be made here, namely, that this real-time, in the classroom ability of clickers to receive and analyze the student responses 2009, AER, 8, 010103-1, 10 .3847/AER2009004 is incredibly enticing for the purposes of teaching and learning and for the purpose of conducting research.
A L I V E LY E L E C T R O N I C C O M P E N D I U M O F R E S E A R C H , N E W S , R E S O U R C E S , A N D O P I N I O N
To establish the reliability of clickers in this context, we designed an investigation to reproduce an earlier study ͑Prather et al. 2005͒. That study demonstrated how an innovative learner-centered instructional approach using Lecture-Tutorials for Introductory Astronomy ͑Prather et al. 2008͒ substantially improved students' understanding of core topics commonly taught in the introductory college astronomy course for nonscience majors ͑hereafter referred to as Astro 101͒ beyond what was achieved from lecture alone. In the previous study, all student data were gathered twice, once postlecture ͑PL͒ and again post-lecture-tutorial ͑PLT͒ using a separate Scantron™ form for each student and for every topic covered in the study throughout the course of the semester. The critical distinction between the current study and the previous study is that, in the previous study, all precourse, postlecture, and post-Lecture-Tutorial data were laboriously gathered using student-completed Scantron™ forms. In the current study, however, all PL and PLT data were collected and initially tabulated in real-time in the classroom using the clickers, where each student had an individual, but anonymous, clicker unit they used to submit their answers.
At this point we would like to re-emphasize that during this current research study, the PRS, or clickers, were not used as a teaching tool as part of TPS or PI, but rather as the equivalent of an electronic Scantron™ bubble form. We did not have students discuss their ideas or answers with each other at any time, nor was class time spent on having a discussion about the questions or answers used in the study until after all data were collected. Rather, students voted simultaneously and anonymously to the conceptually challenging multiple-choice questions provided after traditional lecture and then again after completing a collaborative Lecture-Tutorial activity on the day's topic-without feedback or credit for their answers. Only then would the instructor engage students about the answers they had provided, but student-student discussion and further voting on the questions posed was not part of the implementation.
In addition to testing the efficacy of clickers as a data gathering tool for conducting education research on students' gains in understanding, we were also interested in determining the degree to which students' motivations and beliefs about learning astronomy were impacted by our implementation of clickers as a research tool rather than as an instructional technology. This avenue of research points to an interesting outcome that should bolster one's choice to implement clickers in the classroom. We believe that students would not comment favorably on the use of Scantron™ forms as a source of motivation to work harder, or to attend class more frequently, or as an aspect of the course that contributed to their understanding. We were, however, quite curious about how students' responses might be different on these outcomes as a result of the game-show mentality and sense of play that is fostered with the novelty of clickers ͑Gerace et al. 1999; Len 2006; Pintrich 2002; Pintrich, Marx, and Boyle 1993͒. 
RESEARCH QUESTIONS AND METHODOLOGY
The following two research questions were then used to motivate this current research project:
1. Can clickers serve as reliable and valid data gathering tools as compared with the use of Scantron™ forms for conducting education research? 2. To what extent do students believe the use of clickers enhances their learning of course concepts, their interest in course topics, their engagement in Lecture-Tutorials, and their class attendance even when used solely as a data gathering tool?
The data needed to answer our research questions were gathered during a single semester of an Astro 101 course taught at a school with The Carnegie Classification of Institutions of Higher Education™ designation of RU/VH: Research Universities ͑very high research activity͒. The participants were the approximately 250 students enrolled in this Astro 101 course. The overwhelming majority of students were nonscience or undecided majors. Prior research has shown that the demographics of Astro 101 classes are similar to demographics of their host institutions ͑Deming and Hufnagel 2001͒. The 300-student lecture hall/classroom in which this study took place was equipped with traditional auditorium seating, bolted-down chairs with small flip-up desks, a computer and projection system at the front of the class, and a PRS utilizing 300 radio frequency clickers and two receivers capable of recording the responses for all students in approximately 10 s. Classes were held three times per week for 50 min, with no additional discussion, recitation, or laboratory sections. The course instruction and data collection were run by one instructor and two teaching assistants. Students were instructed on how to use the clickers during the first week of the course. Student data were collected with the clickers almost every class meeting during the semester, making their use a familiar aspect of the course. For each class meeting, students picked up a clicker as they entered the classroom, and then returned it as they exited at the end of class.
Specific responders were not assigned to individual students, nor did students submit a code before responding to identify themselves; thus, all voting was completely anonymous and students received neither grades nor any credit for answering questions. This highlights a difference from the use of Scantrons™ in the initial study because students wrote their names and identification numbers on their individual Scantron™ forms. Moreover, this implementation differs from the more common clicker implementations in which students typically purchase their own responder, or are assigned a specific institution-owned responder at the beginning of the course, and/or input a personal identification number before voting on an answer each day in class ͑Duncan 2005͒. In all of these more typical scenarios, responses are associated with individual students' identities, as compared with the completely anonymous use of clickers in this study.
Nearly every class meeting was divided between short lectures ͑20-25 min͒, learner-centered activities ͑Lecture-Tutorials; 15-20 min͒, and PRS questions ͑5-10 min͒. As with the prior research ͑Prather et al. 2005͒, the first day of class was fundamentally different in that students were given half of the 68 assessment questions administered in the original study ͑as either a Form A or a Form B; each containing 34 questions͒, which were designed specifically to measure students' understanding of concepts to be presented that semester. Their answers were recorded on Scantron™ forms and served as the "precourse" data for this study.
In subsequent class meetings, students were asked the relevant subset of the multiple-choice assessment questions covering that day's topic, and their answers recorded by using clickers to assess their conceptual understanding directly after receiving a traditional lecture on a particular concept. The students then engaged in completing a Lecture-Tutorial activity based on that particular day's learning objective͑s͒ while working in collaborative pairs. During this time, the instructor and TAs served as facilitators and helped guide students' learning, as needed. After the Lecture-Tutorial activity was completed, and student questions regarding these activities had been discussed, students were again asked a subset of the multiple-choice assessment questions with their answers recorded by using the clickers. By comparing the class responses to these conceptually challenging, multiple-choice assessment questions immediately after lecture, and again after completion of the Lecture-Tutorial, it was possible to measure the degree to which students' understanding of the course concept increased as the result of each form of instruction.
Again we would like to make the critical point that students were not shown the results of their voting nor the correct answers to the conceptual questions after their postlecture voting, nor were they asked to discuss their ideas or answers with other students. Students were only shown the correct answer, and the summarized distribution of all student responses, after voting with the clickers for the final time following the completion of the Lecture-Tutorial. Figure 1 contains an illustrative example of a typical conceptually challenging multipleYou observe two spectra (shown below) that are redshifted relative to that of a stationary source of light. Which of the following statements best describes how the sources of light that produced the two spectra were moving? Assume that the left end of each spectrum corresponds to shorter wavelengths (blue light) and that the right end of each spectrum corresponds to longer wavelengths (red light).
Source A Source B
1. Source A is moving faster than source B. 2. Source B is moving faster than source A. 3. Both sources are moving with the same speed. 4. It is impossible to tell from looking at these spectra. choice assessment question that students voted on with the clickers as part of this study.
To investigate the answer to the second research question, students were given a 19-item survey at the mid-point of the semester, ten items asked about specific components of the course and how those components contributed to ͑1͒ their understanding of course concepts, ͑2͒ how well they do on exams, ͑3͒ their interest in course topics, and ͑4͒ their participation in Lecture-Tutorials. The remaining nine items asked them about motivations for coming to class and about demographics. The analog scale used to assess how strongly students believed specific components of the course contributed to the above areas provided students with five choices, A-E with the end points marked as "not very much" to "very much." Data were collected conventionally with Scantrons™. The instrument is included in the Appendix. Table 1 summarizes the averaged results for the aggregated 68-item multiple-choice question inventory used in this study. The average score from student responses on the first day of class was 25% correct. Following the lecture portion of the class, the average score across all questions rose significantly to 62%. After students completed the Lecture-Tutorial, the average score increased significantly to 80%. All three differences are significant at the pϽ0.05 level, as determined by a t-test for related samples.
RESULTS
A direct comparison of results presented from Prather et al. ͑2005͒-precourse: 30%; postlecture: 50%; post-Lecture-Tutorial: 72%-reveals that students' postlecture and post-Lecture-Tutorial correct answer averages to these questions is similar in this study. This result provides compelling evidence that clickers are as effective at gathering student data as Scantron™ forms.
For the second part of our investigation using the 19-item analog-scale survey, we collected Nϭ219 surveys ͑with results recorded on Scantron™ forms͒, although not all items were completed by all students, item response rates ranged from Nϭ210-218. ͑The Appendix provides a full copy of the survey including the response distributions.͒ To explore the possibility of gender specific responses in our data, we disaggregated the data according to gender, and performed a X 2 test to check for statistically significant differences in responses between males and females. There were no significant gender biases in the responses insofar as the instrument could detect.
As one method of analysis, student responses to the 19-item survey were "binned" together into two bins: responses C, D, and E coded as favorable responses in one bin, and responses D and E coded as most favorable responses in the second bin. Table 2 summarizes the survey results after being binned in this way. Note that the word "responders" was used in this survey in place of the word "clickers." For this reason we will use responder in the data table and analysis below. Several interesting points can be inferred from these results. Students reported that the use of responders ͑clickers͒ contributed positively to their learning of course topics, achievement on exams, interest in course topics, and, to a lesser extent, attendance. We were interested to find that students reported that the Lecture-Tutorials were the aspect of the course that helped them most in learning the course concepts and doing well on course exams. Students also reported that the lectures contributed most to their interest in course topics and attendance. Additional results that are not summarized in Table 2 , but are available in the Appendix, show that 76% of students reported that they tried harder to understand Lecture-Tutorials content so that they would get the correct answers on the conceptual questions after completing the Lecture-Tutorial activities ͑Q5͒, with 49% of students choosing the most favorable responses. This indicates that answering the questions correctly was a source of motivation for students to work harder on the Lecture-Tutorial activities, which is a positive outcome since the Lecture-Tutorials have previously been shown to improve learning ͑Prather et al. 2005͒. It is worth noting that the low response level on the category "Contributes to Course Attendance" relating to the use of clickers is likely due to the absence of grade incentives provided to students for voting with the clickers, combined with their use as data gathering devices rather than instructional tools.
These results suggest that the use of clickers as data gathering tools ͑and as a type of formative assessment to students͒ positively contributes to students' attitudes and beliefs about their learning, which is consistent with the metacognition and motivation literature ͑Bransford et al. 1999; Brissenden et al. 2001; diSessa et al. 2003; Sinatra and Pintrich 2003͒ . However, this positive result ͑concerning the use of clickers͒ occurs at a lower level, in every category, than the students' responses to the use of Lecture-Tutorials, which were the primary instructional strategy implemented in the classroom environment studied. Due to this instructional focus on Lecture-Tutorials over clickers, we interpret these results as illustrating that students are aware of the impact different elements of the instruction have on their learning and beliefs, in particular those that promote intellectual engagement. These results also suggest that publications reporting the positive attitudes of students regarding the use of clickers may be more reflective of ͑1͒ their application in Think-Pair-Share or Peer Instruction instructional approaches, or ͑2͒ the incentives given toward student grades from in-class quizzes or credit for participation, over the use of the clicker technology in and of itself ͑Duncan 2005; Kaleta and Joosten 2007; Lasry 2008; Len 2006; Rogers and Starrett 2006͒. This assertion is further supported by noting, with respect to their "likeliness to attend class," that students ranked highest the only in-class elements probed by the survey, which actually earned them points toward their grades ͑i.e., in-class participation, in-class homework͒ over the lecture, clickers, and Lecture-Tutorials ͑see Table 2͒ .
DISCUSSION
There are several important results that emerge from this study on the use of clickers as data gathering devices. First, collecting research data in the classroom, in real-time, with clickers produced statistically consistent results compared with the use of Scantron™ forms, but was far more efficient as a data gathering method. Second, students reported that clickers contributed positively to their learning of course concepts and to their success on exams-even when the clickers were used as a data gathering tool, rather than as an instructional technology coupled to an interactive learning strategy. Third, the use of clickers seemed to serve as a motivational tool in the classroom since students reported that their use positively impacted their interest in course topics and the attention they paid to material presented in class. Adding weight to our conclusions, students anecdotally provided information that illustrated they believed the use of clickers helped them diagnose their own learning. We feel it is critical to note that while the survey instrument questions were designed to highlight the use of "responders," it is impossible to completely separate students beliefs about the clickers from their beliefs about the questions used with the responders, and their desire for feedback on their voting ͑which was only provided post-Lecture-Tutorial and which they never received when Scantron™ forms were used͒.
In subsequent semesters we have continued to ask the same research questions after the students complete the Lecture-Tutorials as a way of offering students a self-check on their understanding of the topic taught. Though further research is needed, we have anecdotally observed two dramatic increases that happened simultaneously. We have seen a positive shift in the number of correct answers provided by students in their voting after completing the Lecture-Tutorials beyond what is reported here or in the previous study ͑Prather et al. 2005͒ . Further, we have observed an increase in the percentage of students choosing to vote during the polling sessions. We consistently have nearly all students voting every time, on every question. We believe this impressive response is coupled to, and explained by, one simple change in the way we have students vote. We now have students use color-coded A, B, C, D, E voting cards instead of clickers, though still simultaneous and anonymous. We believe when students know you know what they are voting in real-time ͑because you can see them, and they know that͒, they all vote. Also, we believe, since they know you can see them, they want to display the correct answer in front of them, all spurred on by social/personal motivations which neither the use of clickers nor Scantron™ forms seem to evoke. Other pedagogically beneficial uses of the color-coded voting cards we have experienced are ͑1͒ their ability to provide the instructor with an almost instantaneous, detailed display of the entire classroom distribution of student responses, ͑2͒ their ability to provide alternative voting formats-such as showing all colors/letters simultaneously to indicate that the student has no idea which is the correct answer and ͑3͒ their ability to provide greater flexibility in question prompting and types of student feedback that can motivate student learning in ways not possible to utilize with clickers. 
